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ABSTRACT

The elderly are known to have enhanced susceptibility to infections and an impaired capacity to respond to vaccination. West
Nile virus (WNV), a mosquito-borne flavivirus, has induced severe neurological symptoms, mostly in the elderly population. No
vaccines are available for human use. Recent work showed that an attenuated WNV, a nonstructural (NS) 4B-P38G mutant, in-
duced no lethality but strong immune responses in young (6- to 10-week-old) mice. While studying protective efficacy, we found
unexpectedly that old (21- to 22-month) mice were susceptible to WNV NS4B-P38G mutant infection but were protected from
subsequent lethal wild-type WNV challenge. Compared to responses in young mice, the NS4B-P38G mutant triggered higher
inflammatory cytokine and interleukin-10 (IL-10) production, a delayed 'y T cell expansion, and lower antibody and WNV-
specific T cell responses in old mice. Toll-like receptor 7 (TLR?7) is expressed on multiple types of cells. Impaired TLR7 signaling
in old mice led to dendritic cell (DC) antigen-presenting function compromise and a reduced y3 T cell and regulatory T cell
(Treg) expansion during NS4B-P38G mutant infection. R848, a TLR7 agonist, decreased host vulnerability in NS4B-P38G-in-
fected old mice by enhancing yd T cell and Treg expansion and the antigen-presenting capacity of DCs, thereby promoting T cell
responses. In summary, our results suggest that dysregulation of TLR7 partially contributes to impaired innate and adaptive T
cell responses and an enhanced vulnerability in old mice during WNV NS4B-P38G mutant infection. R848 increases the safety
and efficacy during immunization of old mice with the WNV NS4B-P38G mutant.

IMPORTANCE

The elderly are known to have enhanced susceptibility to infections and an impaired capacity to respond to vaccination. West
Nile virus (WNV), an emerging mosquito-borne flavivirus, has induced severe neurological symptoms more frequently in the
elderly population. No vaccines are available for human use. Here, we used an aged mouse model to investigate the protective
efficacy of an attenuated WNV, the nonstructural 4B-P38G mutant, which was previously shown to induce no lethality but
strong immune responses in young adult mice. Studies that contribute to a mechanistic understanding of immune defects in the
elderly will allow the development of strategies to improve responses to infectious diseases and to increase vaccine efficacy and
safety in aging individuals.

onger life expectancy has increased the proportion of the el-

derly worldwide. According to the United Nations’ population
division, the number of people worldwide aged 60 and older is
expected to reach more than one billion by 2020. Meanwhile, age-
associated immunosenescence has contributed to both enhanced
susceptibility to infectious diseases and impaired capacity to re-
spond to vaccination in the geriatric population. Currently, the
mechanisms that lead to the decline in immunity are not clearly
understood.

West Nile virus (WNV), a mosquito-borne flavivirus, has in-
duced acute viral encephalitis and neurological sequelae in North
America for the past decade (1). One major risk factor for fatality
due to WNV infection in humans is aging (1-3). Although multi-
ple approaches have been taken in WNV vaccine research, none
have been approved for human use. Development of safe and
effective vaccines, in particular for the potentially susceptible el-
derly population, remains a high priority. The WNV genome is a
single-stranded, positive-sense RNA molecule, about 11,000 nu-
cleotides in length, that is translated and processed into 10 pro-
teins: three structural proteins (envelope [E], membrane, and nu-

February 2016 Volume 90 Number 3

Journal of Virology

cleocapsid) and seven nonstructural (NS) proteins (NS1, NS2A,
NS2B, NS3, NS4A, NS4B, and NS5) (4, 5). The NS4B protein of
flaviviruses is known to be associated with evasion of host im-
mune responses and viral replication (6—9). The NS4B P38 residue
is conserved among mosquito- and tick-borne flaviviruses. Previ-
ous work has identified an attenuated mutant with a P38G substi-
tution in NS4B protein by utilizing site-directed mutagenesis of a
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WNV New York 1999 strain (NY99) infectious clone. Two other
compensatory mutations, NS4B-T1161 and NS3-N480H, were
also found upon full genome sequencing of the mutant (10). The
WNV NS4B-P38G mutant was shown to display multiple suitable
features for an ideal vaccine candidate in young adult mice: sig-
nificantly reduced neuroinvasiveness, induction of greater innate
cytokine and T cell responses than wild-type WNV, and protec-
tion of mice from subsequent lethal wild-type WNV infection
(11). More recently, we have shown that WNV NS4B-P38G mu-
tant infection in human monocytic and macrophage cells induced
robust cell intrinsic innate cytokine responses, which is a further
indication of utility of this mutant as a potential vaccine candidate
in humans (12).

We and others have previously defined an aged mouse model
to study WNV pathogenesis and protective immunity (13, 14). In
the present study, we investigated the protective efficacy of the
WNV NS4B-P38G mutant in immunization of old (21- to 22-
month-old) mice. The mutant induced levels of recall responses in
old mice that were similar to those in young mice, and it protected
them from subsequent lethal wild-type WNV challenge. Unex-
pectedly, the mutant induced about 30% lethality during initial
challenge in old mice. In investigating the underlying immune
mechanisms, we found that an impaired Toll-like receptor 7
(TLR?7) signaling in old mice led to the dysfunction of innate and
adaptive T cell responses to the NS4B-P38G mutant, which to-
gether contributed to an enhanced host susceptibility upon initial
challenge.

MATERIALS AND METHODS

Mice. Six- to 10-week-old C57BL/6 (B6) OT II transgenic and 21- to
22-month-old B6 mice were purchased from Jackson Laboratories (Bar
Harbor, ME) and the National Institute of Aging (Bethesda, MD), respec-
tively. TLR3~'~ mice (B6 background) were obtained from M. Diamond
(Washington University, St. Louis, MO). TLR7 '~ mice (VG 143, B6 X
129 F, background; Regeneron Inc., Tarrytown, NY) were bred to the B6
background by backcrossing for 7 to 10 successive generations (15-17).
the WNV NS4B-P38G mutant was produced by utilizing site-directed
mutagenesis and passaged twice in Vero cells (10). The parental strain
WNV NY99, a kind gift from R. Tesh, was passaged once in Vero cells and
twice in C6/36 cells. Mice were inoculated intraperitoneally (i.p.) with
1,500 PFU of the WNV NS4B-P38G mutant. In some experiments, mice
were injected i.p. with 30 or 50 g of R848 (InvivoGen, San Diego, CA) at
4 hbefore WNV infection (18). Mice were rechallenged with a 100% lethal
dose (LD,,,) (2,500 PFU) of WNV at day 30 after primary infection.
Infected mice were monitored twice daily for signs of morbidity. All ani-
mal experiments were approved by the Animal Care and Use Committee
at the University of Texas Medical Branch.

Infection and stimulation of cells. Bone marrow (BM)-derived den-
dritic cells (DCs) or macrophages were generated as described previously
(19). Briefly, BM cells were cultured for 6 days in medium supplemented
with granulocyte-macrophage colony-stimulating factor and interleu-
kin-4 (IL-4) or macrophage colony-stimulating factor (Peprotech) to
generate myeloid DCs or macrophages and were infected with WNV at a
multiplicity of infection (MOI) of 0.1 or 0.02, respectively. Supernatants
and cells were collected at 24 h and 96 h postinfection to measure cytokine
production. For stimulation, BM-derived DCs or macrophages (2 X 10°
cells/well) were cultured at 37°C in RPMI 1640 or Dulbecco modified
Eagle medium (DMEM) (Invitrogen, Carlsbad, CA) in 96-well plates with
1 pg/ml of CL097 or 20 pg/ml of poly(I-C) (InvivoGen). Supernatants
and cells were harvested at 24 h to measure cytokine production. In some
experiments, cells were treated with R848 (20 pg/ml) for 4 h before WNV
infection.
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TABLE 1 Quantitative PCR gene array

Gene symbol  Gene description

Casp8 Caspase 8

Ccl2 Chemokine (C-C motif) ligand 2

Ccl5 Chemokine (C-C motif) ligand 5

Cxcl10 Chemokine (C-X-C motif) ligand 10

Ddx58 DEAD (Asp-Glu-Ala-Asp) box polypeptide 58

Ifi2712a Interferon alpha-inducible protein 27-like 2A

1fi44 Interferon-induced protein 44

Ifih1 Interferon-induced protein with helicase C domain 1

Ifitl Interferon-induced protein with tetratricopeptide repeats 1

Ifit2 Interferon-induced protein with tetratricopeptide repeats 2

Ifitm3 Interferon-induced transmembrane protein 3

1110 Interleukin-10

117a Interleukin-17A

118 Interleukin-18

Irf3 Interferon-regulatory factor 3

Irf5 Interferon-regulatory factor 5

Irf7 Interferon-regulatory factor 7

Irf9 Interferon-regulatory factor 9

Isgl5 ISG15 ubiquitin-like modifier

Nfkbl Nuclear factor of kappa light polypeptide gene enhancer in
B cells 1

Oasla 2'-5" oligoadenylate synthetase 1

Rsad2 Radical S-adenosylmethionine domain containing 2

Statl Signal transducer and activator of transcription 1

Tgftbl Transforming growth factor 1

B-Actin Beta-actin

Focus-forming assay (FFA) for WNYV titer. Vero cell monolayers
were incubated with sample dilutions first for 1 h. A semisolid overlay
containing 0.8% methylcellulose (Sigma-Aldrich, St. Louis, MO), 3% fe-
tal bovine serum (FBS), 1% penicillin-streptomycin, and 1% L-glutamine
(Invitrogen) was then added. At 48 h, the semisolid overlay was removed,
and cell monolayers were washed with phosphate-buffered saline (PBS),
air dried, and fixed with a 1:1 acetone-methanol solution for at least 30
min at —20°C. Cells were next subjected to immunohistochemical (IHC)
staining with a rabbit WNV polyclonal antibody followed by goat anti-
rabbit horseradish peroxidase (HRP)-conjugated IgG (KPL, Gaithers-
burg, MD) at room temperature for 1 h. After secondary antibody
treatment, cells were incubated with a peroxidase substrate (Vector Lab-
oratories, Burlingame, CA) until color developed. The number of foci was
determined and used to calculate viral titers, expressed as focus-forming
units (FFU) per milliliter. The limit of detection for the assay was 90
FFU/ml.

Quantitative PCR (qPCR). WNV-infected samples were resuspended
in TRIzol (Invitrogen) for RNA extraction. cDNA was synthesized by
using a qScript cDNA synthesis kit (Bio-Rad, Hercules, CA). The se-
quences of the primer sets for WNV envelope, TLR7, and cytokine cDNAs
and PCR conditions were described previously (20-22). The assay was
performed in the CFX96 real-time PCR system (Bio-Rad). Gene expres-
sion was calculated based on either threshold cycle (C;) values by using
the formula 2~ [CT(tarset gene) — CT(GAPDH gene)l 45 Jescribed before (23) or
the ratio of the amount of amplified gene to the amount of B-actin cDNA
as the relative levels in each sample.

PCR arrays. A 25-gene PrimePCR assay (Bio-Rad) was performed
following the manufacturer’s protocol. Briefly, RNA was purified from
noninfected and WNV-infected cells by using an RNeasy extraction kit
(Qiagen, Valencia, CA) and quantitated by spectrometry. cDNA was syn-
thesized by using iScript family reverse transcription kits and then loaded
onto 96-well PCR array plates for amplification on the CFX96 real-time
PCR system (Bio-Rad). A list of 25 genes is provided in Table 1. Data
analysis was performed by using CFX manager software. Four genes were
selected as reference genes.
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Cytokine Bioplex. Culture supernatants or mouse sera were collected
for analysis of cytokine production by using a Bio-Plex Pro mouse cyto-
kine assay (Bio-Rad).

Enzyme-linked immunosorbent assay (ELISA). Microtiter plates
were coated with recombinant WNV-E protein (24) overnight at 4°C at
100 ng/well. Sera were diluted 1/30 in PBS with 2% bovine serum albumin
(BSA) and incubated for 1 h at room temperature. Alkaline phosphatase-
conjugated goat anti-mouse IgG or IgM (Sigma-Aldrich) at a dilution of
1/1,000 in PBS-Tween was then added and left for 1 h. Color was devel-
oped with p-nitrophenyl phosphate (Sigma-Aldrich) and intensity deter-
mined at an absorbance of 405 nm by using a spectrophotometer.

Histology and IHC staining. Mice were transcardially perfused with
PBS. Spleens and brains were removed, placed in 4% paraformaldehyde
(PFA), and left overnight at 4°C, followed by 70% ethanol for 24 h before
embedding in optimal cutting temperature compound. Samples were
then prepared for hematoxylin and eosin (H&E) and IHC staining at the
Histopathology Laboratory at the University of Texas Medical Branch
(UTMB). For IHC staining, a fast red chromogen kit (Biopath Laborato-
ries, Oklahoma City, OK) was used. Rabbit anti-WNV sera (1:250 dilu-
tion) and anti-rabbit IgG alkaline phosphatase (AP)-labeled antibody (1:
500; KPL) were used as primary and secondary antibodies.

Flow cytometry. Splenocytes were stained with antibodies for CD11c,
CD80,CD86,CD3, T cell receptor & (TCRS), CD4, or CD8 (e-Biosciences,
San Diego, CA). To measure intracellular cytokine production, spleno-
cytes were stimulated with WNV-specific NS3 and E peptides (RRWCFD
GPRTNTILE and PVGRLVTVNPFVSVA, respectively [25]) for CD4 T
cells or WNV-specific NS4B and E peptides (SSVWNATTA and IALTF
LAV, respectively [26, 27]) for CD8 T cells for 5 h at 37°C. Golgi-plug (BD
Biosciences) was added at the beginning of stimulation. Cells were stained
with antibodies for CD3, CD4, or CD8, fixed in 2% paraformaldehyde,
permeabilized with 0.5% saponin before addition of anti-gamma inter-
feron (anti-IFN-vy), anti-tumor necrosis factor alpha (anti-TNF-a), or
control rat IgG1 (e-Biosciences), and examined by using a C6 flow cytom-
eter (Accuri Cytometers, Ann Arbor, MI). Foxp3 expression was analyzed
by using a kit from eBioscience according to the manufacturer’s instruc-
tions. Data were analyzed by using CFlow Plus (Accuri Cytometers).

In vitro T cell priming assays. CD4" T cells and DCs were purified
from splenocytes of naive OT II transgenic mice and WNV-infected mice,
respectively, by using anti-CD11c¢ and anti-CD4 magnetic beads accord-
ing to the manufacturer’s instructions (Miltenyi Biotec, Auburn, CA).
CD4™ T cells (2 X 10° cells) were labeled with 0.5 wmol/liter carboxyfluo-
rescein succinimidyl ester (CFSE) (Invitrogen), and mixed with DCs at a
10:1 ratio with or without OVA residues 323 to 339 (1 pg/ml; GenScript
Corporation, Piscataway, NJ), and left for 5 days. Cells were harvested,
and CD4 ™ T cells were gated for analysis of proliferation. Supernatant was
collected at day 3 for analysis of cytokine production.

Statistical analysis. Survival curve comparisons were performed us-
ing Prism software (GraphPad Software, San Diego, CA) statistical anal-
ysis, which uses the log rank test (equivalent to the Mantel-Haenszel test).
Values for viral burden, cytokine production, and antibody and T cell
response experiments are presented as means * standard errors of the
means (SEM). P values for these experiments were calculated with a non-
paired Student ¢ test. Statistical significance was accepted at a P value of
<0.05.

RESULTS

Old mice are more vulnerable to WNV NS4B-P38G mutant in-
fection than young mice but are protected from subsequent le-
thal wild-type WNV challenge. WNV NS4B-P38G, a highly at-
tenuated mutant, was previously reported to induce strong
immune responses in young adult mice (11, 17). To investigate its
protective efficacy in old mice, we infected 21- to 22-month-old
mice by the i.p. route with 1,500 PFU of the WNV NS4B-P38G
mutant. Virus-infected young adult mice were used as controls.
All young mice survived infection for at least 30 days. Surprisingly,

February 2016 Volume 90 Number 3

Journal of Virology

Dysregulation of TLR7 Impairs T Cells in Old Mice

33% of the old mice succumbed to infection (Fig. 1A). About 40%
of NS4B-P38G mutant-infected old mice developed severe neuro-
logic signs within 2 weeks, including hunched posture, weight
loss, and repetitive behaviors, whereas no clinical signs were ob-
served in virus-infected young mice (data not shown). Compared
to that in young mice, there was about 3-fold-higher viremia in
old mice on day 3 (Fig. 1B). No significant differences were noted
in viral load in spleens between the two groups of mice on days 3,
7, and 13 (Fig. 1C). In the brain, there was a 45-fold increase in
viral load in old mice on day 13 by qPCR assay (Fig. 1D). WNV
antigen was also detected in neurons of the cerebral cortex, corpus
striatum, hippocampus, and brainstem of old mice that suc-
cumbed to infection on day 13 but was not detected in the same
areas of noninfected old mice or virus-infected young mice (Fig.
1E). Necrosis was not observed in the spleens in either group be-
fore or after WNV infection (Fig. 1F). Pathological examination of
brains of old mice that succumbed to infection on day 13 revealed
perivascular cuffing by mononuclear infiltrates in the corpus
striatum, the hippocampus (Fig. 1G), penetrating vessels in neo-
cortex, and leptomeninges (data not shown), whereas cellular in-
filtrates were not noted in virus-infected young mice or nonin-
fected old mice (Fig. 1G). Thus, higher viremia and elevated viral
load and inflammatory responses in the brain contributed to en-
hanced vulnerability in old mice during primary infection with
the NS4B-P38G mutant. On day 30, surviving mice of both groups
were rechallenged with a lethal dose of wild-type WNV NY99 and
were monitored daily for mortality. All mice survived secondary
WNV infection with no obvious clinical signs within a I-month
monitoring period (data not shown). Overall, although the NS4B-
P38G mutant protects old mice from wild-type WNV challenge, it
is virulent in these mice and induces a lethal infection in a propor-
tion of mice during initial infection.

The NS4B-P38G mutant induces a higher innate cytokine
production and impaired T and B cell responses in old mice. To
investigate the underlying mechanisms of enhanced susceptibility
of old mice to WNV NS4B-P38G mutant infection, we next ex-
amined immune responses in these mice. Type 1 interferons
(IFNs), including IFN-a and IEN-f3, participate in direct control
of WNV dissemination and clearance (28). Higher peripheral pro-
inflammatory cytokine and interleukin-10 (IL-10) levels have
been associated with increasing viral load and brain pathology (21,
29, 30). We measured serum cytokine production on days 3 and 6
postinfection. Compared to young mice, old mice produced
higher levels of proinflammatory cytokines, including IL-1f3, IL-
17,and TNF-«, on day 3, and IL-10 production was elevated in old
mice at both time points (Table 2). No differences in type 1 IFN
responses were noted between the two groups (data not shown).
3 T cells are important innate lymphocytes that expand quickly
in response to wild-type WNV infection and protect the host from
lethal encephalitis (31). Both the cell number and the percentage
of y8 T cells in young mice were increased on day 3, whereas these
cells did not expand in old mice until day 6 postinfection (Fig. 2A
and B).

B cell-mediated humoral immune responses are critical for the
host defense against disseminated infection by wild-type WNV
(32, 33). As shown in Fig. 2C and D, WNV-specific IgM and IgG
production was diminished in old mice on day 8. No differences
were noted between the two groups on days 3, 6, and 21 postin-
fection, except that IgG levels were lower in old mice on day 4 after
secondary challenge with wild-type WNV.
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FIG 1 Old mice are vulnerable to WNV NS4B-P38G mutant infection. (A) Survival of young and old mice after i.p. injection with the WNV NS4B-P38G mutant
(n =14 and n = 9 for young and old mice, respectively). (B) The viral load in blood was determined by using FFA at day 3 postinfection. (C and D) The viral loads
in spleen and brain were determined by qPCR. Data shown are representative of three independent experiments. (E to G) IHC staining for WNV antigen (E) and
H&E staining (F and G) The representative images (magnification, X20) shown are from brains and spleens from noninfected (NF) mice and WNV-infected (IF)

mice at the indicated time points. ¥, P < 0.05 compared to young mice.

CD4" and CD8™ T cells contribute to long-lasting protective
immunity during wild-type WNV infection (34, 35). As shown in
Fig.2Eand F, CD4" and CD8™ T cells in old mice produced much
less IFN-vy than those in young mice on day 8. The percentage of
IFN-y" TNF-a* CD8™" T cells was also lower in old mice than in
young mice (Fig. 2G and H). Furthermore, CD4™ T cells of old
mice produced less IL-2 upon ex vivo stimulation with WNV E
and NS3 peptides (Fig. 2I). During secondary challenge with lethal
wild-type WNV, CD4" and CD8" T cells of old mice had re-
sponses either similar to or higher than the cells of young mice
(Fig. 2E toI). In summary, our results suggest that the NS4B-P38G
mutant induced a higher inflammatory cytokine and IL-10 pro-

TABLE 2 Serum cytokine levels at days 3 and 6 postinfection

duction, a delayed y8 T cell expansion, and lower WNV-specific
antibody and T cell responses in old mice during primary infec-
tion than those seen in young mice. Further, humoral and T cell
responses remained unaffected in NS4B-P38G-immunized old
mice during secondary infection with wild-type WNV.

Impaired TLR7 signaling in old mice mainly contributes to
reduced innate cytokine responses in NS4B-P38G-infected
DCs. DCs represent the most important antigen-presenting cells
(APC) exhibiting the unique capacity to initiate T cell responses.
An impaired innate cytokine response has been reported in WNV-
infected DCs of elderly donors (36). Mouse DCs are permissive to
WNV infection. To determine DC functions in old mice, we first

Level, pg/ml (mean = SEM)“

Day 3 Day 6
Cytokine Young mice Old mice Young mice Old mice
IL-1B 279.8 £ 439 522.6 = 51.1* 417.2 = 96.8 307.5 £ 28.7
IL-6 125 * 1.6 142 +23 9.8 £ 6.6 29*1.38
IL-12p40 322.3 +20.4 515.2 £ 105.3 225.1 £37.8 455.2 = 102.8
IL-17 83.84 = 18.5 187.5 = 34.9* 126.0 = 45.9 49.8 £ 6.5
TNF-a 290.7 = 48.8 562.3 * 68.6* 478.9 = 84.2 341.6 * 38.6
IFN-vy 18.4 £3.2 244+ 54 38+ 13 0.90 £ 0.90
IL-10 80.7 £ 6.5 141.4 * 6.2** 83.4 £ 237 179.1 = 10.6*

“ Blood was harvested from WNV-infected mice at the indicated time points postinfection. Serum cytokine levels were measured with Bioplex. *, P < 0.05; **, P < 0.01 (compared

to young group).
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FIG 2 Immune responses to WNV NS4B-P38G mutant infection in old mice. (A and B) Splenocytes were isolated before infection (NF) and on days (D) 3 and
6 and stained for TCRyd and CD3. (A) Total number of y8 T cells per mouse. (B) Total y3* percentage among splenic T cells (1 = 3 to 6). Data shown are
representative of two independent experiments. (C and D) Humoral responses during primary and secondary WNV infection. Sera were collected from
noninfected (NF) mice or mice infected with the WNV NS4B-P38G mutant at days 3, 6, 8, and 21 after primary infection and day 4 after rechallenge (R-D4) with
wild-type WNV. The development of WNV-specific IgM (C) or IgG (D) antibodies was determined by ELISA. Data are presented as means = SEM (n = 4 to 8,
pooled from 2 separate experiments). (E and F) Splenocytes were harvested at days 0 and 8 after primary WNV NS4B-P38G infection or day 4 after rechallenge
with wild-type WNV and were cultured ex vivo with WNV peptides for 5 h and stained for IFN-y, TNF-a, and T cell markers. (E) Percent positive IFN-y™" cells.
(F) Total number of IFN-y™ T cell subsets per spleen. (G and H) Percentage of IFN-y* TNF-a" among CD4" or CD8™" T cells. Cells were gated on CD4 " or
CD8™" T cells. Panel G shows a representative image. (I) IL-2 production in cell culture supernatant. **, P < 0.01; *, P < 0.05 (compared to young mice); n = 4

or 5 mice/group from two separate experiments.

performed a WNV-inducible gene PCR array. As shown in Fig.
3A, compared to that in DCs from young mice, IL-10 was upregu-
lated in NS4B-P38G-infected DCs from old mice, whereas inter-
feron-stimulated genes (ISG) and chemokine genes were either
up- or downregulated in old DCs compared to young DCs, indi-
cating an age-related differential gene expression. These differ-
ences were not due to viral replication as evidenced by there being
no difference in viral load between NS4B-P38G-infected young
and old DCs (Fig. 3B). Pathogen recognition receptors (PRRs),
including TLR3, TLR7, and retinoid acid-inducible gene I (RIG-
I)-like receptors (RLRs), such as RIG-I and melanoma differenti-
ation antigen 5 (MDA-5), are involved in WNV recognition and
trigger the signaling cascade leading to the production of type 1
IFNs and proinflammatory cytokines (15, 21, 37, 38). Upregula-
tion of TLR3 and TLR7 gene expression due to NS4B-P38G mu-
tant infection was delayed and/or reduced in old DCs compared to
young DCs. Nevertheless, RIG-I and MDA-5 gene expression was
either mildly increased or not changed in old DCs (Fig. 3C). In
further investigating this, we found that either stimulation with
CL097, a TLR7/8 agonist, or WNV NS4B-P38G mutant infection
induced IL-1B, IL-6, and TNF-a production and upregulation of
IFN-f gene expression in young DCs, but these effects were com-
promised in old DCs (Fig. 3D to G). In contrast, no differences in
induction of the above-mentioned genes were noted between
young and old DCs following stimulation with poly(I-C), a TLR3
agonist (Fig. 3D to G). IL-10 expression levels were similar in
poly(I-C)- and CL097-treated young and old DCs (Fig. 3H). To
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verify these results, we next infected DCs of wild-type and
TLR3 ™'~ mice with the NS4B-P38G mutant. Similar levels of IL-
1B, IL-6, TNF-a, and IL-10 were induced in DCs of both groups of
mice (Fig. 31 to K and M), except that IFN- expression was di-
minished in infected TLR3 ™/~ DCs compared to the wild-type
group (Fig. 3L). In contrast to the case for DCs, CL097 stimulation
triggered more IL-6 and TNF-a production in macrophages of old
mice than in the young group. No differences in inflammatory
cytokine production were detected in macrophages isolated from
young and old mice following either poly(I-C) stimulation or
WNYV NS4B-P38G mutant infection, though there was a higher
IL-10 production following NS4B-P38G infection in old macro-
phages (Fig. 4). Furthermore, WNV infection boosted innate cy-
tokine production in wild-type and TLR3 /™ macrophages, with
no significant differences between the two groups (data not
shown). Taken together, these results indicate that an impaired
TLR?7 signaling mainly contributed to lower innate cytokine re-
sponses in DCs, but not in macrophages, of old mice during
NS4B-P38G mutant infection.

TLR7 agonist reduces host susceptibility to NS4B-P38G mu-
tant infection in old mice by increasing y8 T cell and regulatory
T cell (Treg) expansion and enhancing DC antigen-presenting
capacity, thereby promoting the T cell response. To further in-
vestigate the role of TLR7 in host protection in old mice, R848 was
administered by the i.p. route prior to WNV NS4B-P38G mutant
infection. As shown in Fig. 5A, all R848-treated old mice survived
NS4B-P38G mutant infection with no obvious clinical signs
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FIG 3 WNV NS4B-P38G mutant infection and TLR agonist stimulation in BM-derived DCs. (A to H) Young and old DCs were infected with the WNV
NS4B-P38G mutant or TLR agonists harvested at indicated time points. (A) PrimePCR array, presented as a clustergram image which depicts relative expression
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indicated time points by qPCR. (D to H) Cytokine production was determined by using Bioplex (D to F and H) or by qPCR (G). (I to M) DCs of wild-type and
TLR3 ™'~ mice were infected with the WNV NS4B-P38G mutant. Cytokine production was determined by using Bioplex or qPCR at the indicated time points.
For panels G and L, data are presented as the fold increase compared to mock-infected cells. Results are representative of three experiments (1 = 3 to 6). **, P <

0.01; *, P < 0.05 (compared to the young group).

within a 1-month period. Viremia in R848-treated old mice was
diminished on day 3 postinfection compared to that in controls
(Fig. 5B). There was a reduced viral load in the spleens of treated
old mice compared to controls on day 3, but the differences be-
came insignificant at later time points (Fig. 5C). We also noted a
lower viral load in the brains of treated mice on day 13 compared
to that in control group (Fig. 5D). Similar levels of germinal center
proliferation were observed in spleens of R848-treated naive and
infected old mice on days 3 and 7, and these were also comparable
in the spleens of control mice. There was no spleen necrosis ob-
served in either group (Fig. 1F and 5E). Brain tissues, including
cerebral cortex (Fig. 5F), cerebellum, corpus striatum, brain stem,
and hippocampus (data not shown), from R848-treated and
WNV-infected old mice were examined on day 13. No inflamma-
tion was found in any of the mice. Thus, R848 increases host
resistance against primary NS4B-P38G mutant infection in old
mice. Surviving mice of both groups were next rechallenged with
a lethal dose of wild-type WNV on day 30 and were monitored
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daily for morbidity. Both R848-treated old mice and controls had
100% survival rates during secondary wild-type WNV infection
(data not shown). To determine the effect of R848 on host immu-
nity in old mice, we measured innate cytokine production in sera
on day 3 and found no differences in IL-1{, IL-6, [L-17, TNF-q,
and IL-10 production between treated and nontreated old mice,
except that IL-12p40 levels were reduced by 50% in the R848-
treated group (data not shown). R848 was previously shown to
boost y8 T cell expansion in young mice upon WNV infection
(39). Here, we found that R848 induced a 40% increase in yd T
cells in old mice on day 3 compared to that in the nontreated
control group, and this was same as those observed in young mice
(Fig. 6A). No differences in WNV-specific IgM and IgG responses
were noted between the R848-treated and control old mice on
days 3 and 32 following secondary wild-type WNV infection,
though there was a trend of a lower IgM response in the treated
group (P = 0.05) on day 8 during primary NS4B-P38G mutant
infection (Fig. 6B and C).
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We have recently demonstrated that TLR7-dependent MyD88
signaling is required for T cell priming during NS4B-P38G mutant
infection of young adult mice (17). As shown in Fig. 7A, R848-
treated old mice had an elevated CD4™ T cell expansion on day 8
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postinfection. There was also more IL-2 and IFN-vy production in
splenocytes from R848-treated old mice than in those from the
nontreated control group (Fig. 7B). During secondary challenge
with lethal wild-type WNV, R848-treated old mice had increased
numbers of CD4" and CD8" T cells and produced similar or
higher levels of IL-2 and IFN-y upon ex vivo stimulation com-
pared to the control group (Fig. 7A and C). To investigate the
mechanism by which R848 regulates T cell responses, we first de-
termined whether R848 promoted T cell priming via enhancing
DC APC functions. Old DCs were stimulated with R848 in vitro,
followed by WNV NS4B-P38G infection. Compared to that in the
nontreated control group, R848 significantly elevated IL-13, IL-6,
IL-12, and TNF-a production in old DCs during WNV NS4B-

>

I Control

=} B R848
;150
k)
3100
o
-
< 50
2 NF D3
B. C.3
127 mm control P=0.05 B Control
a B R848 a B R848
a
S o2
3 g
= =
%OTNF D3 D8 Ra2 ON\F D3 D8 R32

FIG 6 ¥3 T cell and antibody responses to WNV NS4B-P38G mutant infec-
tion in R848-treated old mice. (A) Splenocytes were isolated before infection
(NF) and on day 3 (D3) postinfection and stained for TCRy8 and CD3. The
total number of yd T cells per mouse is shown. (B and C) Humoral response
during primary and secondary WNV infection. Sera were collected from non-
infected (NF) mice or mice infected with the WNV NS4B-P38G mutant at days
3 and 8 during primary infection and day 32 after rechallenge (R-32) with
wild-type WNV. WNV-specific IgM (B) or IgG (C) antibodies were deter-
mined by ELISA. Data are presented as means = SEM n = 4 to 9, pooled from
2 or 3 separate experiments. ¥, P < 0.05 compared to mock-treated group.
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P38G mutant infection (Fig. 7D to G). On day 3 postinfection,
CD11c" DCs of R848-treated old mice displayed a higher level of
major histocompatibility complex (MHC) II expression by both
percentage and cell number than those of the control group (Fig.
7H and I). Finally, a mixed-lymphocyte reaction (MLR) assay
showed that DCs of R848-treated old mice had a greater T cell
priming capacity than did those of the nontreated group and had
even reached levels similar to those of DCs of NS4B-P38G-in-
fected young mice (Fig. 7J).

Accumulating evidence shows that immune suppression in-
creases with age (40, 41). Therefore, we investigated whether R848
decreased the immunosuppressive effects on T cells in old mice.
R848-treated old mouse splenocytes produced levels of IL-10 ei-
ther higher than or same as those in young mice during ex vivo
culture alone or upon stimulation with WNV-specific T cell pep-
tides (Fig. 8A). WNV NS4B-P38G mutant infection induced
CD4" Treg expansion in young adult mice on day 7, whereas
CD4" Treg expansion was compromised in NS4B-P38G-infected
old mice and TLR7 '~ mice. R848 treatment in old mice triggered
Treg expansion to levels similar to those in young mice on day 7
(Fig. 8B). Myeloid-derived suppressor cells (MDSCs) expand dur-
ing inflammation and infection and are known to have a remark-
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able ability to suppress T cell responses (42). While R848 did not
affect MDSC expansion in old mice, it decreased the number of
MDSCs in NS4B-P38G mutant-infected young mice (Fig. 8C).
Thus, R848 either did not affect or slightly increased the immu-
nosuppressive cytokine and cellular responses in old mice during
infection. These results suggest that R848 enhances effector T cell
responses in old mice by improving DC APC functions, thereby
promoting T cell priming, but not via decreasing the immunosup-
pressive effects on T cells.

DISCUSSION

The poor response to vaccination in the elderly population has
been a major hurdle in protecting the elderly from infectious dis-
eases. Consequently, multiple immunizations, often with large
amounts of antigen, are needed to induce protective immunity.
No WNV vaccines are available for human use. Development of
safe and effective vaccines remains a high priority for WNV vac-
cine development. Recent phase II clinical trials of Chimeri-Vax-
WNVO02, a chimeric WNV vaccine candidate, demonstrated com-
parable safety in all age groups. However, differences in neutralizing
antibody titers and viremia were reported in treatment of different
age groups, though no reports of statistical analysis are yet avail-
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able to allow a conclusion (43). Another study showed that vacci-
nation with a live, single-cycle virus vaccine, RepliVAX WN, in-
duced significantly lower primary and memory T and B cell
responses in old mice (44). We have previously demonstrated that
the WNV NS4B-P38G mutant is highly attenuated in young adult
mice and has the ability to induce a robust protective immune
response, both of which are features of an ideal vaccine candidate
(11, 17). In this study, we found that WNV NS4B-P38G-immu-
nized old mice developed levels of protective memory responses
similar to those in young mice upon infection with the mutant but
were susceptible to clinical disease following infection with the
virus. This raises concerns about the safety rather than the efficacy
of utilizing live attenuated vaccine candidates such as this one and
led us to investigate the mechanism of age-related susceptibility.
We demonstrated that an age-associated TLR7 dysregulation par-
tially contributes to innate and adaptive T cell compromise and
enhances host susceptibility to WNV NS4B mutant infection.
Consistent with our previous findings that memory T cell devel-
opment is mediated by TLR7-independent MyD88 signaling dur-
ing NS4B-P38G mutant infection (17), NS4B-P38G mutant-in-
fected old mice developed levels of protective memory T cell
responses similar to those in young mice. Furthermore, our results
showed that R848 treatment rescued the TLR7-mediated immune
compromise and ultimately decreased host vulnerability in old
mice during NS4B-P38G mutant infection.

Age-associated dysregulation of TLR signaling has been found
to contribute to the increased morbidity and mortality from in-
fectious diseases found in geriatric patients (45, 46). Here, TLR7
dysregulation was associated with impaired responses of y& T
cells, DCs, Thl cells, and Tregs in WNV NS4B-P38G mutant-
infected old mice (Fig. 9).y3 T cells are important innate lympho-
cytes that respond quickly in control of virus dissemination upon
WNV infection (31, 47). Besides TCRs, they express multiple
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types of TLRs, which provide costimulatory signals during TCR
activation of the cells (39, 48). TLR7 is required for yd T cell
expansion in WNV-infected young mice. A reduced costimula-
tory effect of TLR7 on yd T cells of old mice upon in vitro anti-
CD3 stimulation was previously reported (39). In this study, we
found that vy T cell expansion was delayed and reduced in old
mice in response to NS4B-P38G mutant infection compared to
that in young mice. Significantly, this compromise could be res-
cued by activation of TLR7 with R848 treatment. Dysregulated
TLR?7 signaling also led to lower levels of type I IFNs and inflam-
matory cytokines and reduced APC functions in DCs of old mice.
TLR?7 signaling is involved in T cell activation in NS4B-P38G mu-
tant-infected young mice via promotion of DC maturation and
activation (17, 49). Thus, impaired DC functions in old mice
could lead to lower effector T cell responses during NS4B mutant
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FIG9 Effect of dysregulation of TLR7 on host immunity against WNV NS4B-
P38G mutant-infected old mice. 1, impaired y8 T cell expansion; 2, reduced
DC activation and maturation; 3, suppression of T helper 1 response indirectly
via DC maturation and/or yd T cell-DC cross talk; 4, impaired Treg expansion.
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infection. Furthermore, yd T cell compromise also contributed to
reduced effector T cell responses, as these cells promote DC mat-
uration via cross talk during WNV infection (50). TLR-activated
DCs enhanced CD4™ T cell responses in old mice via cytokine-
dependent mechanisms (51). Our results showed that R848 in-
duced a robust inflammatory cytokine response and higher MHC
II expression in old DCs, which in turn triggered more T cell
proliferation during in vitro coculture. Finally, dysregulation of
TLR7 impaired Treg function in NS4B-P38G-infected old mice.
Higher levels of peripheral CD4 " CD25* Foxp3™ “natural” Tregs
after infection protect young adult mice against severe WNV dis-
ease (52). Although aging is associated with increased Treg func-
tion (40, 53), we noted lower number of Tregs in old mice than in
young mice upon WNV NS4B-P38G mutant infection. CD4*
Treg expansion was also compromised in NS4B-P38G-infected
TLR7 '~ mice. Thus, a TLR7-mediated Treg dysfunction in old
mice partially contributes to an enhanced vulnerability to NS4B-
P38G infection.

Conlflicting results regarding the role of TLR7 signaling in reg-
ulating Treg functions have been reported. In an experimental
autoimmune encephalomyelitis model, an inhibitory effect of
TLR7 signaling on the generation and function of Tregs was dem-
onstrated (54), which was presumably via TLR7 activation of DCs
to reduce Foxp3 expression and suppress functions of Tregs (55).
Others have shown that activating TLR7 signaling enhanced Treg
functions. For example, R848 induced Treg-mediated suppres-
sion of asthma disease in mice (56). Additionally, TLR7 stimula-
tion enhanced the ability of Tregs to suppress T cell proliferation
upon TCR activation (57). The authors of these studies proposed
that activation of TLR7 was due to direct effects on T cells, partic-
ularly Tregs. In fact, TLR7 mRNA was reported to be preferen-
tially expressed on CD4" CD25" Tregs compared with CD4™
CD257 T cells (58). In agreement with these results, we found that
R848 increased Foxp3™ Tregs in old mice during WNV NS4B-
P38G mutant infection.

In this study, a dysregulation of either TLR3 and/or TLR7 par-
tially contributes to the blunted type I IFN responses in old DCs
(Fig. 3). This may explain why no significant changes in serum
type I IFN responses were observed in NS4B-P38G mutant-in-
fected old mice despite higher viral loads in these mice than in
young mice. Here, old mice produced higher levels of serum in-
flammatory cytokines and IL-10 upon infection. This seems to be
independent of TLR7 dysregulation, as similar levels of innate
cytokine production were noted in R848-treated old mice during
NS4B-P38G mutant infection. Furthermore, CL097 treatment
and the WNV NS4B-P38G mutant induced a differential innate
cytokine response in macrophages of old mice (Fig. 4), which also
indicates a TLR7-independent innate signaling pathway may play
a dominant role upon NS4B-P38G infection. Although dysregu-
lated TLR3 in WNV-infected macrophages of elderly donors has
been reported to result in elevated cytokine levels (59), we ob-
served the same levels of inflammatory cytokine responses in
poly(I-C)-treated young and old macrophages. Additionally, dur-
ing influenza virus infection, TLR7 sensing decreased the number
of MDSCs by promoting differentiation of these cells into other
activated myeloid cell types (60). Likewise, we found that R848
reduced the MDSC number upon NS4B-P38G mutant infection
in young mice but not in old mice. Thus, involvement of other
PRRs may contribute to a lower innate cytokine response in mac-
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rophages and/or other myeloid cells of old mice during WNV
infection.

During microbial infection, the production of type I IFNs and
inflammatory cytokines induced by the recognition of PRRs via
their cognate ligands is critical for control of replication, enhance-
ment of APC functions, and influencing both primary and sec-
ondary CD4" and CD8™ T cell responses (61-64). They can also
act directly on T cells to modulate cell proliferation, survival,
and/or differentiation into effector cells both in vitro and in vivo
(65—68). The use of several PRR agonists in various established
vaccines in order to boost the protective efficacy has been docu-
mented (69-71). Small-molecule TLR7/8 agonists have been eval-
uated as vaccine adjuvants, including resquimod, imiquimod, and
similar analogs. TLR7/8 agonist adjuvants promote antigen acqui-
sition and presentation by DCs (72) by themselves or act synergis-
tically with other TLRs (73). This will further induce Th-1-like
cells (IFN-y-producing CD4" T cells and IgG2-producing B
cells), with concomitant inhibition of Th2 immunity in many an-
imal studies. In this study, our results suggest that R848 could
rescue the immune cell compromise in old mice and increase the
safety of using the NS4B-P38G mutant as a vaccine candidate.
Studies that contribute to a mechanistic understanding of im-
mune defects in the elderly may allow the development of strate-
gies to improve responses to infectious diseases and to increase
vaccine efficacy and safety in aging individuals.
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